United States Patent [19] 

Goodenough et al. 



US0O591O382A 
[ii] Patent Number: 
[45] Date of Patent: 



5,910,382 
*Jun. 8, 1999 



[54] CATHODE MATERIALS FOR SECONDARY 
(RECHARGEABLE) LITHIUM BATTERIES 

[75] Inventors: John B. Goodenough, Austin, Tex.; 

Akshaya K. Padhi, LaSalle, 111.; K. S. 
Nanjundaswamy, Joplin, Mo.; 
Christian Masquelier, Boulogne 
Billancourt, France 

[73] Assignee: Board of Regents, University of Texas 
Systems, Austin, Tex. 

[21] Appl. No.: 08/840,523 

[22] Filed: Apr. 21, 1997 

Related U.S. Application Data 

[60] Provisional application No. 60/032,346, Dec. 4, 1996, and 
provisional application No. 60/016,060, Apr. 23, 1996. 

[51] Int. Cl. e H01M 4/58 

[52] U.S. CI 429/218.1; 429/221; 429/224 

[58] Field of Search 429/218, 221, 

429/224; 29/623.1; 423/554 

[56] References Cited 

U.S. PATENT DOCUMENTS 

4,465,747 8/1984 Evans 429/194 

4,526,844 7/1985 Yoldas et al 429/30 

4,959,281 9/1990 Nishi et al. . 

4,985,317 1/1991 Adachi ct al 429/191 

5,514,490 5/1996 Chen et al 429/191 

FOREIGN PATENT DOCUMENTS 

WO 98/12761 3/1998 WIPO . 

OTHER PUBLICATIONS 

International Search Report dated Aug. 29, 1997. 
Delmas and Nadiri, Mater. Res. Bull, 23, 65 (1988). no 
month. 

Goodenough, Hong, Kafalas, Mater. Res. Bull. 11, 203 
(1976). no month. 



Guyomard and Tarascon, J. Electrochem. Soc, 139, 937 
(1992). Apr. 

Long, Longworth, Battle, Cheetham, Thundathil, Beveridge, 
Inorg. Chem., 18, 624 (1979). no month. 
Manthiram and Goodenough, /. Power Sources, 26, 403 
(1989). no month. 

Masquelier, Tabuchi, Ado, Kanno, Kobayashi, Nakamura, 
Goodenough, J. Solid State Chem., 123, 255 (1996). no 
month. 

Mizushima, Jones, Wiseman, Goodenough, Mater Res. 
Bull, 15, 783 (1980). no month. 

Nanjundaswamy, Padhi, Goodenough, Okada, Ohtsuka, 
Arai, Yamaki, Solid State Ionics, 92, 1 (1996). no month. 
Okada, Nanjundaswamy, Manthiram, Goodenough, Proc. 
36th Power Sources Conf., at Cherry Hill, New Jersey (Jun. 
6-9, 1994). 

Schollhom and Payer, Agnew. Chem. (Int. Ed. Engl.), 24, 61 
(1985). no month. 

Sinha and Murphy, Solid State Ionics, 20, 81 (1986). no 
month. 

Thomas David, Goodenough, Groves, Mater. Res. Bull, 20, 
1137 (1983). 

Thackeray, Johnson, de Piciotto, Bruce, Goodenough, 

Mater. Res. Bull, 19, 179 (1984). no month. 

Thackeray, David, Bruce, Goodenough, Mater. Res. Bull, 

18, 461 (1983). no month. 

Wang and Hwu, Chem. of Mater. 4, 589 (1992). 

CA 115:238022, Petit et al. abstract only, 1991 (month N/A). 

Primary Examiner — Maria Nuzzolillo 

Assistant Examiner — Carol Chaney 

Attorney, Agent, or Firm— Arnold White & Durkee 

[57] ABSTRACT 

The invention relates to materials for use as electrodes in an 
alkali-ion secondary (rechargeable) battery, particularly a 
lithium-ion battery. The invention provides transition -metal 
compounds having the ordered -olivine or the rhombohedral 
NASICON structure and the polyanion (PO^ 3- as at least 
one constituent for use as electrode material for alkali-ion 
rechargeable batteries. 

9 Claims, 10 Drawing Sheets 



LiFeP0 4 




Interface 



08/14/2002, EAST Version: 1.03.0002 



U.S. Patent jun. 8, 1999 sheet 1 of io 5,910,382 

















i 






(i) 


(ii) 


(iii) 






► 



/ 

FIG.1 



Capacity (mAh • g -1 ) 

100 150 200 




0.6 0.8 1.0 

xin Li-|. / FeP04 



FIG. 2A 



08/14/2002, EAST Version: 1.03.0002 



U.S. Patent 



Jim. 8, 1999 



Sheet 2 of 10 



5,910,382 



Capacity (mAh • g -1 ) 
50 100 




0.4 0.6 
xin Li 1 . x Fe 0i 5Mn 05 PO4 

FIG. 2B 



CD 
O) 
CO 
-t— » 

o 
> 

"55 
O 



0 



40 



Capacity [mAh/g] 
80 120 160 200 



240 



Current Density : 0.05mA/cm 2 




■ 0th cycle 
□ 1st cycle 
o 4th cycle 
a 8th cycle 
+ 12th cycle 



0.6 0.8 1.0 
x in Li x FeP04 

FIG. 2C 



08/14/2002, EAST Version: 1.03.0002 



U.S. Patent 



Jim. 8, 1999 



Sheet 3 of 10 



5,910,382 



5f 



CD 



CD 
CO 



2- 



40 



Capacity [mAh/g] 

80 120 160 200 



240 



Current Density : 0.05mA/cm 2 





■ 1st cycle 
□ 2nd cycle 
o 6th cycle 
a 11th cycle 
+ 17th cycle 



0.0 0.2 0.4 0.6 0.8 1.0 

x in Li x FeP04 



1.2 



1.4 



FIG. 3 




08/14/2002, EAST Version: 1.03.0002 



U.S. Patent Jun. 8, 1999 Sheet 4 of 10 5,910,382 




FIG. 5B 



08/14/2002, EAST Version: 1.03.0002 



U.S. Patent 



Jun. 8, 1999 Sheet 5 of 10 



5,910,382 



4 g u. i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 14: 



Li 3+x Fe 2( po 4)3 (Nasicon) 
2.40 mA/g. 




4.5 
4.0 
3.5 
3.0 
2.5 



- 2.0 



1.5k. ... i .... i 



■ ■ ■ ■ 



i ■ ■ ■ ■ i ■ ■ ■ ■ ' < ■ ■ ■ 1 ■ ■ ■ ■ 1 ■ ■ ■ ■ * ■ ■ ■ ■•" 1*5 



0 



20 40 60 80 100 

Time (hour) 

FIG. 6A 



4 5 u.1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Li 3+x Fe 2( p0 4)3 (Monoclinic) 
1.63 mA/g. 




1.5h- 1 1 ■ ■ 1 1 1 1 1 ■ 1 1 1 » 1 ■ 1 1 ■ 1 1 ■ i ■ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 r-H 1.5 



4.5 



0 20 40 60 80 100 120 

Time (hour) 

FIG. 6B 



08/14/2002, EAST Version: 1.03.0002 



U.S. Patent 



Jun. 8, 1999 Sheet 6 of 10 



5,910,382 



Capacity (mAh/g.) 



0 20 40 60 80 100 120 
4 5 uin 1 1 1 1 1 n 1 1 1 1 1 1 1 n | 1 1 1 1 1 1 11 1 1 1 1 1 i i i " i| i 1 1 1 1 11 1 1 1 ii ii 1 1 1 1 1| mi- 



Li 3 Fe2(P04) 3 (Nasicon) 




2.0 



• 0.05 mA/cm2 
■ 0.10mA/cm2 
: a 0.25 mA/cm2 
: ▼ 0.50 mA/cm2 

1 5fr i i i i I i | , L_l I I 1 L_l 1 L. 



0.0 0.5 1.0 1.5 2.0 

x in Li 3+x Fe 2 (P0 4 )3 

FIG. 7A 



08/14/2002, EAST Version: 1.03.0002 



f 

U.S. Patent Jun. 8, 1999 Sheet 7 of 10 5,910,382 




0.0 0.5 1.0 1.5 2.0 



FIG. 7B 



08/14/2002, EAST Version: 1.03.0002 



U.S. Patent Jim. 8, 1999 Sheet 8 of 10 5,910,382 



Capacity [mAh/g] 

40 80 120 160 200 



1st Charge 



4.5- 
4.0 

g 3.0|-/ 60th Cycle — ^ 1WW ^- — 1st Cycle 




Current Density: 0.05mA/cm 2 , 2.31 mA/g 



0.0 0.5 1.0 1.5 2.0 2.5 3.0 

x in Li x NaV 2 (P0 4 )3 



FIG. 8 



08/14/2002, EAST Version: 1.03.0002 



U.S. Patent Jun. 8, 1999 Sheet 9 of 10 5,910,382 




08/14/2002, EAST Version: 1.03.0002 



U.S. Patent 



Jun. 8, 1999 



Sheet 10 of 10 



5,910,382 



o 

5 F 



50 



Capacity [mAh/g] 

100 



150 



200 



CD 

o> 

CO 



CD 
O 



I 3 



u— 
0.0 



Current Density: 0.1 mA/cm 2 4.2 mA/g 




o 1st Cycle 
□ 5th Cycle 
+ 15th Cycle 
a 25th Cycle 



J d 



0.5 1.0 1.5 2.0 

xinLi 1+x Fe 2 (P04)(S04)2 



2.5 



3.0 



FIG. 10 



08/14/2002, EAST Version: 1.03.0002 



5,910,382 

1 2 

CATHODE MATERIALS FOR SECONDARY octahedral-site transition-metal oxidant cations, such as 

(RECHARGEABLE) LITHIUM BATTERIES iron, that are environmentally benign. 

The present invention provides electrode material for a 

This application claims priority to provisional patent rechargeable electrochemical cell comprising an anode, a 

application No. 60/032,346 filed Dec. 4, 1996, and provi- 5 cathode and an electrolyte. The cell may additionally include 

sional patent application No. 60/016,060, filed Apr. 23, an electrode separator. As used herein, "electrochemical 

1996. The entire text of each of the above-referenced cell" refers not only to the building block, or internal 

disclosures is specifically incorporated by reference herein portion, of a battery but is also meant to refer to a battery in 

without disclaimer. The Robert A. Welch Foundation, general. Although either the cathode or the anode may 

Houston, Tex., supported research related to the present 10 comprise the material of the invention, the material will 

invention. preferably be useful in the cathode. 

Generally, in one aspect, the invention provides an 

BACKGROUND OF THE INVENTION ordered ol [ vine nmpaund having the general formula 

1. Field of the Invention LiMP0 4 , where M is at least one first row transition-metal 
' , . A . ... j / u U1 \ 15 cation. The alkali ion Li + may be inserted/extracted revers- 

The present invention relates to secondary (rechargeable) u , . , i ^ i . i *u u ** \ ic *u • « 

it i. • u „ • *4 ■« n *u ibly from/to the electrolyte of the battery to/from the mter- 

alkali-ion bat tenes. More specifically, the invention relates f / Mnn f t u *u a a 

* • i p , I j„ t ■ *. nn ol1 ^i- • u»*t~ m stitial space of the host MP0 4 framework of the ordered- 

to materials for use as electrodes for an alkali-ion battery. . r A A . 4 4 . . , . XM A . / 

™ . 4 . .j t , ! , u olivine structure as the transition-metal M catioo (or 

The mvention provides transition-metal compounds having x . j/ -j- j u u 

the ordered olivine or the rhombohedral N^ICON struc- 20 combination of cations) is reduced/ox,dized by charge- 

ture and containing the polyanion (P0 4 ) 3 " as at least one compensating electrons supplied/removed by the external 

. - & * ,. ■ circuit of the battery in, for a cathode material, a discharge/ 

constituent for use as electrode material for alkali-ion ' Xjl * ui u i? £ 

rechareeable batteries charge c 5 rc1e - In P artlcular > M ^ Preferably be Mn, Fe, Co, 

s Ti, Ni or a combination thereof. Examples of combinations 

2. Description of the Related Art of ^ transition-metals for use as the subsutuent M include, 
Present-day lithium batteries use a solid reductant as the 25 bllt m not to> Fe^Jvln,, and Fe^Ti,, where 0<x<l. 

anode and a solid oxidant as the cathode. On discharge, the Preferred formulas for the ordered olivine electrode corn- 
metallic anode supplies Li* ions to the Li*-ion electrolyte pounds of the invention include, but are not limited to 
and electrons to the external circuit. The cathode is typically LiFeP0 4 , LiMnP0 4 , LiCoP0 4 , LiNiP0 4 , and mixed 
an electrooically conducting host into which Li + ions are transition-metal comounds such as Li x Ze Fe 1 _ ;c Ti c P0 4 or 
inserted reversibly from the electrolyte as a guest species 30 Lip ^ jA n J>0 A , where 0<x<l. However, it will be under- 
and charge-compensated by electrons from the external stood by one of skill in the art that other compounds having 
circuit. The chemical reactions at the anode and cathode of ±e general formula UMP0 4 and an ordered olivine struc- 
a lithium secondary battery must be reversible. On charge, mre m mc i ude d within the scope of the invention, 
removal of electrons from the cathode by an external field ^ electrode q{ ^ ^ fonnuk u 
releases Li ions back to the elecfro yte to restore the parent 35 ^ { ^ ^ ^ oiiyme structure 
host structure and the addition of electrons to the anode by a Qf defined cflains and 
the external field attracts charge -compeasating Li ions back ^ c ^ ^ M atoms qc ^ chaiDs 
mto the anode to restore it to its original composition. of octahedfa and the u atoms occupy the ^ chains of 

Present-day rechargeable Uthium-ion batteries use a coke alternate planes of octahedral sites, 

material into which lithium is inserted reversibly as the Jn ^ invention idcs c i ectrodc mate . 

anode and a layered or framework transition-metal oxide is ^ for a rech able electrochemical cell comprising an 

used as the cathode host material (Nisbi et ah U.S. Pat. No. a cathode ^ ^ clectrol tc? ^ or without M 

4,959,281). Layered oxides using Co and/or Ni are expen- electrodc to whcre the electrode materials comprisc 

sive and ^may degrade due to the incorporaUon of unwanted a rhombohedral NAS ICON material having the formula 

species from the electrolyte. Oxides such as U a JMnJ0 4f where 0<x<5. Preferably, the compounds of 

which has the [MJ0 4 spinel framework, provide strong the invention will be useful as the cathode of a rechargeable 

bonding in three dimensions and an interconnected intersti- electrochcmical celL ^ alkali ion Y may be inserted from 

tial space for lithium insertion. However, the small size of ^ electrolyte of the battery to the interstitial space of the 

the O 2 - ion restricts the free volume available to the Li rhombohcdra i M 2 (X0 4 ) 3 NASICON host framework as the 

ions, which limits the power capability of the electrodes, t ransition-metal M cation (or combination of cations) is 

Although substitution of a larger S 2 " ion for the O " ion rcduccd b ^^^^ clcctrons supplied by the 

increases the free volume available to the Li ions, it also extcmal q£ ^ baU durin with the 

reduces the output voltage of an elementary cell. rcvcrsc prQcess occurdng during charge of thc battcry< 

A host material that will provide a larger free volume for 5$ while it is contemplated that the materials of the invention 
Li + -ion motion in the interstitial space would allow realiza- may consist of either a single rhombohedral phase or two 
tion of a higher lithium-ion conductivity a Lt , and hence phases, e.g. ormorhombic and monoclinic, the materials are 
higher power densities. An oxide is needed for output preferably single-phase rhombohedral NASICON com- 
voltage, and hence higher energy density. An inexpensive, pounds. Generally, M will be at least one first-row transition- 
non-polluting transition-metal atom would make the battery 6Q meta i cat jon and Y will be Li or Na. In preferred compounds, 
environmentally benign. M will be Fe, V, Mn, or Ti and Y will be Li. 

or i\ >f n a a tiv nri Tun nnn:MTinM Redox energies of the host M cations can be varied by a 

SUMMARY OF THE INVENTION .. , . r lL , , v * i c 

suitable choice of the X0 4 polyanion, where X is taken from 

The present invention meets these goals more adequately Si, P, As, or S and the structure may contain a combination 

than previously known secondary battery cathode materials 65 of such polyanions. Tuning of the redox energies allows 

by providing oxides containing larger tetrahedral oxide optimization of the battery voltage with respect to the 

polyanions forming 3D framework host structures with electrolyte used in the battery. The invention replaces the 
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oxide ion 0 2 " of conventional cathode materials by a material to about 500° C. Preferably, the aqueous starting 

polyanion (X0 4 y _ to take advantage of (1) the larger size solution comprises FeClj, (NH 4 ) 2 S0 4 , and LiH 2 P0 4 . 

of the polyanion, which can enlarge the free volume of the i n a further embodiment, the invention provides electrode 

host interstitial space available to the alkali ions, and (2) the materials for a rechargeable electrochemical cell comprising 

covalent X— O bonding, which stabilizes the redox energies 5 ^ anodej a ca thod e and an electrolyte, with or without an 

of the M cations with M-O-X bonding so as to create electrode ^.p^ where me electrode materials have a 

acceptable oper^cu-cuit yoUages V^ with environmentally rhombohedral NAS i C ON structure with the general formula 

bemgnFe'-ZFe 2 * and/or T^/Ti 3 * or vyT* redox. tuples. ^(PO,),. In these compounds, A may be Li, Na or a 

PreferredformulasfortherhombohedralNASICONelec- ^ZbiiJon thereof and 0Sx§2. In preferred 

trode compounds of the invention include, but are not , 0 embodimenls me compounds ^ a single-phase rhombo- 

lmlt ° d J° ^? se , h . a ™£ * C t° rmu }\ f^^™* 3> bedral NASICON material. Preferred formulas for the rhom- 

L^eT^PO^, Li TiNb(P0 4 ), and Li, ^eNb(P0 4 ) 3> bohedral NASICON electr o de compounds having the gen- 

wbcre 0<x<2. It wdl be understood by one of stall in the art ^ formu , a ^ v 2 (P0 4 ), include, but are not limited to 

that Na may be substituted for Li in any of the above ^ havi the - formula jj^aV^O^, where 0§xS2. 

compounds to provide cathode materials for a Na ton 1S „ . . . . , ktaot™xt . • i c .l i 

r i i Ki The rhombohedral NASICON materials or the general 

rechargeable battery. For example, one may employ Na3„ . , /nn . ... , b , ., 

Fe 2 (P0 4 ) 3 , Na 2+x FcTi(P0 4 ) 3 , Na ;e T 1 Nb(P0 4 )3 or Na lw formula ^ W f?&™* ! T ? P i~ P w v 1° 

FcNb(PO,L wh^tc (kx<2, in % Na ion rechargeable batter; outlined in FIG. 9. Alternatively Li^aV 2 (PC U) 3 

In this aspect, Na* is the working ion and the anode and ma * * e ^ adl ^ ct f ^ tate »«tonfiomUC0 3 , 

electrolyte comprise a Na compound. M NaC0 3> NIWO, H 2 0 and V 2 0 3 . 

Compounds of the invention having the rhombohedral / In L a ^ c{ > mventi ° n P r °7 ides a secondary 
NASICON structure form a framework of M0 6 octahedra (rechargeable) battery where an electrochemical cell corn- 
sharing all of their comers with X0 4 tetrahedra (X=Si, P, P nses J° electrodes and an electrolyte, with or without an 
As, or S), the X0 4 tetrahedra sharing all of their comers with ele * rode «P«to. The electrodes are generally referred to 
octahedra. Pairs of M0 6 octahedra have faces bridged by 25 35 te aDode and ^ e cathode ' The «conday batteries of the 
three X0 4 tetrahedra to form -lantern" units aligned parallel mven generaUy comprise as electrode material, and 
to the hexagonal c-axis (the rhomobhedral [111] direction), P^ferably as cathode material, the compounds described 
each of these X0 4 tetrahedra bridging to two different above ^ore P^cularly, the batteries of the invention have 
"lantern- units. The Li + or Na + ions occupy the interstitial a ca * ode fompnsmg the ordered olivine compounds 
space within the M 2 (X0 4 ) 3 framework. Generally, Y>I 2 30 descried above or the rhombohedral NASICON com- 
(X0 4 ) 3 compounds with the rhombohedral NASICON P ounds Ascribed above. 

framework may be prepared by solid-state reaction of sto- BRIEF DESCRIPTION OF THE DRAWINGS 
ichiometric proportions of the Y, M, and X0 4 groups for the 

desired valence of the M cation. Where Y is Li, the com- ^ flowing drawings form part of the present specifi- 

pounds may be prepared indirectly from the Na analog by 35 cation a * d are mcluded l ° de * onstrate . further certain 

ion exchange of Li + for Na + ions in a molten LiN0 3 bath at "P"* of the present invention. Hie invention may be better 

300° C For example, rhombohedral IiT^(P0 4 ) 3 may be understood by reference to one or more of these drawings in 

prepared from intimate mixtures of Li^CO, or LiOHH.0, combination with the detailed description of specific 

Ti0 2 , and NH^PO^O calcined in air at 200° C. to embodiments presented herein. 

eliminate H 2 0 and C0 2 followed by heating in air for 24 40 FIG. 1. FIG. 1 shows a typical polarization curve for the 

hours near 850° C. and a further heating for 24 hours near battery voltage V vs. the I delivered across a load. The 

950° C. However, preparation of Li3Fe 2 (P0 4 ) 3 by a similar voltage drop (V oc -V)=r\(l) of a typical curve is a measure 

solid-state reaction gives the undesired monoclinic frame- of the battery resistance R^I). The in-terfacial voltage drops 

work. To obtain the rhombohedral form, it is necessary to saturate in region (i). The slope of the curve in region (ii) is 

prepare rhombohedral Na 3 Fe 2 (P0 4 ) 3 by solid-state reaction 45 dV/dM^+R^+R^C), the sums of the electrolyte resis- 

of NaC0 3 , FejCttjCOOH/s and NH 4 H 2 P0 4 *H 2 0, for tance K €l and the current-collector resistances at the anode 

example. The rhombohedral form of Li 3 Fe 2 (P0 4 ) 3 is then and cathode. Region (iii) is diffusion-limited. At the higher 

obtained at 300° C. by ion exchange of Li* for Na* in a bath currents I, normal processes do not bring ions to or remove 

of molten LiN0 3 . It will be understood by one of skill in the them from the electrode/electrolyte interfaces rapidly 

art that the rhombohedral Na compounds will be useful as 50 enough to sustain an equilibrium reaction, 

cathode materials in rechargeable Na ion batteries. FIG. 2A, 2B and 2C. FIG. 2A shows discharge/charge 

In another aspect of the invention, the rhombohedral curves at 0.05 mA-cm* 2 (0.95 mAg" 1 ) for the olivine 

NASICON electrode compounds may have the general Li 1 _ jr FeP0 4 as cathode and lithium as anode. A plateau at 

formula Y^M^PO^pCO^.,, where 0<y^3, M is a 3.4V corresponds to the Fe 3+ /Fe 2+ redox couple relative to 

transition-metal atom, Y is Li or Na, and X=Si, As, or Sand 55 the lithium anode. A plateau at 4.1 V corresponds to the 

acts as a counter cation in the rhombohedral NASICON Mn 3 7Mn 2 * couple. FIG. 2B shows discharge/charge curves 

framework structure. In this aspect, the compound com- at 0.05 mAcm" 2 (1.13 mAg" 1 ) for the olivine Li^ 

prises a phosphate anion as at least part of an electrode Fe 05 Mn 05 P0 4 as cathode relative to a lithium anode. FIG. 

material. In preferred embodiments, the compounds are used 2C shows discharge/charge curves vs. lithium at 0.05 

in the cathode of a rechargeable battery. Preferred com- eo mAcm" 2 (0.95 mA g" 1 ) for the olivine Li*FeP0 4 . 

pounds having this general formula include, but are not FIG. 3. FIG. 3 shows discharge/charge curves of an 

limited to Li 1+ Je 2 (S0 4 ) 2 (P0 4 ), where O^x^l. FeP0 4 /LiC10 4 +PC+DME/U coin cell at 185 mAg -1 for 

The rhombohedral NASICON compounds described FeP0 4 prepared by chemical extraction of Li (delithiation) 

above may typically be prepared by preparing an aqueous from LiFeP0 4 . 

solution comprising a lithium compound, an iron compound, 65 FIG. 4. Schematic representation of the motion of 

a phosphate compound and a sulfate compound, evaporating LiFeP0 4 /FeP0 4 interface on lithium insertion in to a particle 

the solution to obtain dry material and heating the dry of FeP0 4 . 
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FIG. 5A and 5B. FIG. 5 A shows the rhombohedral R3c into/from the electrolyte, the electrochemical cell is com- 

(NASICON) framework structure of L^Fe^Ojg prepared manly called a "rocking-chair" cell. An implicit additional 

by ion exchange from NagFe^PO^; FIG. 5B shows the requirement of a secondary battery is maintenance not only 

monoclimc P2 1 /n framework structure of LLjFe 2 (P0 4 ) 3 pre- of the electrode/electrolyte interfaces, but also of electrical 

pared by solid-state reaction.. The large, open three- 5 contact between host particles, throughout repeated 

dimensional framework of Fe0 6 octahedra and P0 4 tetra- discharge/recharge cycles. 

hedra allows an easy diffusion of the lithium ions. Since the volumes of the electrode particles change as a 
FIG. 6A and 6B. FIG. 6 A shows discharge/charge curves result of the transfer of atoms from one to another electrode 
vs. lithium at 0.1 mAcm -2 for rhombohedral lA^^F^ in a reaction, this requirement normally excludes the use of 
(P0 4 ) 3 where 0<x<2. The shape of the curve for lithium 10 a crystalline or glassy electrolyte with a solid electrode. A 
insertion into rhombohedral Li 3+;c Fe 2 (P0 4 )3 is surprisingly non-aqueous liquid or polymer electrolyte having a large 
different from that for the monoclinic form. However, the energy-gap window between its highest occupied molecular 
average V oc at 2.8 V remains the same. The Li + -ion orbital (HOMO) and its lowest unoccupied molecular orbital 
distribution in the interstitial space appears to vary continu- (LUMO) is used with secondary lithium batteries in order to 
ously with x with a high degree of disorder. FIG. 6B shows 15 realize higher voltages. For example, practical quantities of 
discharge/charge curves vs. lithium at 0.1 mA cm" 2 for very ionic lithium salts such as Li C10 4 , LiPF 4 and LiPF 6 can 
monoclinic Li3 +x Fe 2 (P0 4 ) 3 where 0<x<2. be dissolved in empirically optimized mixtures of propylene 
FIG. 7A and 7B. FIG. 7 A shows discharge curves vs. a carbonate (PC), ethylene carbonate (EC), or dimethyl car- 
lithium anode at current densities of 0.05-0.5 mA-cm' 2 for bonate (DMC) to provide acceptable electrolytes for use 
rhombohedral Ii 3+je Fe 2 (P0 4 ) 3 . A reversible capacity loss on 20 with the cathodes of the invention. It will be recognized by 
increasing the current density from 0.05 to 0.5 mA cm" 2 is those of skill in the art that the (C10 4 ) anion is explosive 
shown. This loss is much reduced compared to what is and not typically suitable for commercial applications, 
encountered with the monoclinic system. FIG. 7B shows General Design Considerations 

discharge curves at current densities of 0.05-0.5 mA-cm" 2 p 0wer output P of a battery is the product of the 

for monoclinic Li^&^O^. 25 electric current I delivered by the battery and the voltage 

FIG. 8. FIG. 8 shows discharge/charge curves at 0.05 Vacross the negative and positive posts (equation 1). 
mA-cm -2 (0.95 mAg" 1 ) for the rhombohedral Li^NaVj 

(P0 4 ) 3 . Rhombohedral LL^NaV^PO^ reversibly interca- iWV (1) 

lates 1.5 Li per formula unit for a discharge capacity of 100 t 

mAh-g- 1 with average closed-circuit voltage of 3.8 V vs. a 30 The voltage V is reduced from its open-circuit value V oc 

lithium anode P* 0 ) me voltage drop IR b due to the internal resistance 

FIG. 9. FIG. 9 illustrates the solid-state synthesis of R fe of the battery (equation 2). 

Li 2 NaV 2 (P0 4 ) 3 having the rhombohedral NASICON frame- v-Vo^jh^ (2) 

work. 35 

FIG. 10 FIG. 10 shows discharge/charge curves vs. The open-circuit value of the voltage is governed by equa- 

lithium at 0.1 mA cm" 2 for rhombohedral Li 1+ ^Fe 2 (P0 4 ) tion 3. 
(S0 4 ) 2 where 0^xi2. 

Voc«^-/<c)/(-«0<5V (3) 

DESCRIPTION OF ILLUSTRATIVE 

EMBODIMENTS la equation 3, n is the number of electronic charges carried 

, , , t . . . „ . by the working ion and F is Faraday's constant. The mag- 

Present-day secondary (rechargeable) lithium batteries of ^ drcuit volta ± ^^d to Voc<5 V 

use a solid reductant as the anode and a solid oxidant as toe ^ of ^ 

cathode. It is importan that the chemical reactions at the of ^ ^ ^ ^ 

anode and cathode of a lithium secondary battery be revers- 45 but ^ b the E between the HOMO 

ible On discharge the metamc anode supplies Li ions to (bj kd molecular ojbm) ^ the LUM0 aowest 

the Li*-.on electrolyte and electrons to the external cu-cu,t. ^ ied moMc orbital) of a i iquid electrolyte or by 

The cathode is a host compound into/from which the work- ^ ^ „ betweeQ ^ Qf me yalence band ^ 

rng U* ion of the electrolyte can be inserted/extracted ^ Qf th < band of a ^ electrolyte, 

reversibly as a guest specks over a large sohd-solubihty so ^ chemica] ^ whkh j, ^ Femi 

range (Goodenough 1994). When the U ions are inserted as rf a metallic . red ^ ctant ^ or me H0M0 0 f a gaseous or 

a guest species 1a into the cathode, they are charge- reduct ant, must lie below the LUMO of a liquid 

compensated by electrons from the external orcuit. On electrolyte or Ae condition band of a solid electrolyte to 

charge the removal of electrons from the caUiode by an achieye ^ stabm ^ Qf ^ 

external field releases U ions back to the electrolyte to ss electrolyte by me reductant . similarly, the chemical poten- 

restore the parent host structure. The resultant addition of ^ ^ fa ^ LUMQ rf a ^ Qr K m 

electrons to the anode by the external field attracts charge- Qr the c Felmi of a meUjlic _ oxidant camode , mU st he 

compensating Li ions back into the anode to restore it to its above ^ H0MQ rf a electrolyte or me valence band 

ongmal composition. of a soUd electrolyle to acmeve thermodynamic stability 

The present invention provides new materials for use as eo ^ oxidatioa of me electrolyte by the oxidant. Thermo- 

cathodes in lithium secondary (rechargeable) batteries. It dyMmic stability thus imrod uces the constraint 
will be understood that the anode for use with the cathode 

material of the invention may be any lithium anode material, ^-nc^E, (4) 
such as a reductant host for lithium or elemental lithium 

itself. Preferably, the anode material will be a reductant host 65 as well as the need to match the "window" E g of the 

for lithium. Where both the anode and cathode are hosts for electrolyte to the energies fi A and [if? of the reactants to 

the reversible insertion or removal of the working ion maximize V oc . It follows from equations 1 and 2 that 
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realization of a high maximum power P max (equation 5) the electrode/electrolyte interfaces rapidly enough to sustain 

requires, in addition to as high a V oc as possible, a low an equilibrium reaction. 

internal battery resistance R b (see equation 6). The battery voltage V vs. the state of charge, or the time 

during which a constant current 1 has been delivered, is 

P rvajrl maxima* ($) 5 called a discharge curve. 

RrR.sRM+UCxRJAWQ (6) Cathode Materials 

The cathode material of the present invention, for use in 

The electrolyte resistance R el to the ionic current is propor- a secondary lithium battery, consists of a host structure into 

tional to the ratio of the effective thickness L to the geo- which tithiurn can be inserted reversibly. The maximum 

metrical area A of the interelectrode space that is filled with 10 power output, ? max (see equation 5), that can be achieved by 

an electrolyte of ionic conductivity a ( - (equation 7). a cell depends on the open-circuit voltage V oc **&E/c and the 

overvoltage t|(I) at the current l max of maximum power 

KHUoA) (7) v^-v^-t^) (12) 

c . • „ j-fp; -._k, „ / Q 0 v • 15 AE is the energy difference between the work function of the 

Since ions move diffusively, o i (see equation 8) increases rir\\*r\ r *u j * a j *u * r *u 

„ ... . „„*„™ A „<m c ' -i nil m ^ m « m „ ™ anode (or the HOMO of the reductant) and that of the 

with temperature. A a, s 0.1 Scm (the maximum rep- . /, . rTTW « ., ^ T ' , 4 , 4 . 

. iL . 4. * • * . • • . - cathode for the LUMO of the oxidant). In order to obtain a 

resents the room-temperature protonic conductivity o H in a ^ TV, v 77 j . . -j 

. -,v . «h.« t *uL „„ high V or> it is necessary to use a cathode that is an oxide or 

strong acid) at an operating temperature I dictates the use Iti-j r L i * L . i( _ ^ j i_ -j • j 

r / , r i °£„„i „„„ a „„j a halide. It is preferable that the cathode be an oxide m order 

of a membrane separator of large geometncal area A and .. , , -• 1 . * ^ 

small thickness L 20 to acnicve a l ar & c good electronic conductivity. To 

minimize T|(I ma J» the electrodes must be good electronic as 

a L r{BlT)ex$(-EjkT) (8) well as ionic conductors and they must offer a low resistance 

to mass transfer across the electrode/electrolyte interface. To 

The resistance to transport of the working ion across the obtain a high 1^, it is necessary to have a large electrode/ 

electrolyte-electrode interfaces is proportional to the ratio of 25 electrolyte surface area. In addition, where there is a two- 

the geometrical and interfacial areas at each electrode: phase interface within the electrode particle, the rate of mass 

transfer across this interface must remain large enough to 

Rt»~AlAtn ( 9 ) sustain the current. This constraint tends to limit the elec- 

where the chemical reaction of the cell involves ionic trode capacity more as the current increases, 

transport across an interface, equation 9 dictates construe- 30 0xide host structures with close-packed oxygen arrays 

tion of a porous, small-particle electrode. Achievement and may be layered, as in Li a _, Co02 (Miztishima, et aL 1980), or 

retention of a high electrode capacity, i.e., utilization of a strongly bonded in three dimensions (3D) as in the manga- 

high fraction of the electrode material in the reversible nese spinels Li 1 jMnj0 4 (Thackeray 1995; Thackeray et 

reaction, requires the achievement and retention of good & Thackeray et al. 1984; Guyomard and Tarascon 

electronic contact between particles as well as a large 35 1992; and MasquelieretaL 1996). Li intercalation into a van 

particle-electrolyte interface area over many discharge/ der Waals gap between strongly bonded layers may be fast, 

charge cycles. If the reversible reaction involves a first-order but it is can also be accompanied by unwanted species from 

phase change, the particles may fracture or lose contact with a u <J uid electrolyte. On the other hand, strong 3D bonding 

one another on cycling to break a continuous electronic within a close-packed oxygen array, as occurs in the spinel 

pathway to the current collector. 40 framework [MnJ0 4 , offers too small a free volume for the 

Loss of interparticle electrical contact results in an irre- guest Li + ions to have a high mobility at room temperature, 

versible loss of capacity. There may also be a reversible which limits l max . Although this constraint in volume of the 

capacity fade. Where there is a two-phase process (or even interstitial space makes the spinel structure selective for 

a sharp guest-species gradient at a diffusion front) without insertion of Li + ions, it reduces the Li + -ion mobility and 

fracture of the particles, the area of the interface (or diffusion 45 hence Li + -ion conductivity o Li . The oxospinels have a 

front) decreases as the second phase penetrates the electrode sufficiently high o Li , to be used commercially in low-power 

particle. At a critical interface area, diffusion across the cells (Thackeray et aL, 1983) but would not be acceptable 

interface may not be fast enough to sustain the current I, so for ^ bigb power cells of the insertion, 

not all of the particle is accessible. The volume of inacces- P resent invention overcomes these drawbacks by 

sible electrode increases with I, which leads to a diffusion- 50 providing cathode materials containing larger tetrahedral 

limited reversible capacity fade that increases with I. This polyanions which form 3D framework host structures with 

problem becomes more important at lower ionic conductiv- octahedral-site transition-metal oxidant cations. In the cath- 

[ty 0l . ode materials of the invention having the NASICON 

The battery voltage V vs. the current I delivered across a structure, the transition-metal ions are separated by the 

load is called the polarization curve. The voltage drop 55 polyanions, so the electronic conductivity is polaronic rather 

(V oc -V)E=ri([) of a typical curve, FIG. 1, is a measure of &™ metallic. Nevertheless, the gain in a Lt more than offsets 

the battery resistance (see equation 10). the loss in electronic conductivity. 

Variation of the energy of a given cation redox couple 

Rb(f)«<\W (10) from one compound to another depends on two factors: (a) 

rt _ _ , , r . . 60 the magnitude of the crystalline electric field at the cation, 

On charging, -W oc ) is referred to as an overvolt- which be calculatcd for a purely ionic model by a 

age. The mterfacial voltage drops saturate in region (1) of Madel summat ion of the Coulomb fields from the other 

FIG. 1; therefore in region (11) the slope of the curve is ioQS presentj md (b) the cova]ent COQtribution to me 

dVfdb-R t +R (A)+J? C CC) (11) bonding, which may be modulated by the strength of the 

65 covalent bonding at a nearest-neighbor counter cation. The 

Region (iii) is diffusion-limited; at the higher currents I, stronger is the negative Madelung potential at a cation, the 

normal processes do not bring ions to or remove them from higher is a given redox energy of a cation. Similarly the 
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stronger is the covalent bonding of the electrons at a (P0 4 ) 3 ". The relatively strong covaience of the P0 4 tetra- 

transition-metal cation, the higher is a given redox energy of hedron of the compounds of the present invention stabilizes 

that cation. The lower the redox energy of the cation host the redox couples at the octahedral sites to give the high 

transition-metal ion, the larger is V oc . ^oc s tnat are observed. 

Hie redox couples of interest for a cathode are associated 5 Insertion of lithium into FeP0 4 was reversible over the 

with antibonding states of d-orbital parentage at transition- several cycles studied. FIG. 3 shows discharge/charge 

metal cations M or 4f-orbital parentage at rare-earth cations curves of FePO 4 /LiC10 4 +PC+ DME/Li coin cell at 185 

Ln in an oxide. The stronger is the cation-anion covalent mA g" 1 for FeP0 4 prepared by chemical extraction of Li 

mixing, the higher is the energy of a given LUMO/HOMO (delithiation) from LiFeP0 4 . The Li JC FeP0 4 material of the 

redox couple. Modulation of the strength of the cation-anion 10 present invention represents a cathode of good capacity and 

covaience at a given M or Ln cation by nearest-neighbor contains inexpensive, environmentally benign elements, 

cations that compete for the same anion valence electrons is While a nearly close-packed-hexagonal oxide -ion array 

known as the inductive effect. Changes of structure alter apparently provides a relatively small free volume for Li + - 

primarily the Madelung energy as is illustrated by raising of ion motion, which would seem to support only relatively 

the redox energy within a spinel [M^C^ framework by 15 small current densities at room temperature, increasing the 

about 1 eV on transfer of Li + ions from tetrahedral to current density does not lower the closed-circuit voltage V. 

octahedral interstitial sites. Changing the counter cation, but Rather, it decreases, reversibly, the cell capacity. Capacity is 

not the structure, alters primarily the inductive effect, as is easily restored by reducing the current, 

illustrated by a lowering of the Fe 3 7Fe 2+ redox energy by As illustrated schematically in FIG. 4, lithium insertion 

0.6 eV on changing (Mo0 4 ) 2 " or (W0 4 ) 2 ~ to (S0 4 ) 2 ~ 20 proceeds from the surface of the particle moving inwards 

polyanions in isostructural Fe 2 (X0 4 ) 3 compounds. Raising behind a two-phase interface. In the system shown, it is a 

the energy of a given redox couple in a cathode lowers the Li e FeP0 4 /Li 1 _ ;c FeP0 4 interface. As the lithiation proceeds, 

voltage obtained from cells utilizing a common anode. the surface area of the interface shrinks. For a constant rate 

Conversely, raising the redox energy of an anode raises the of lithium transport per unit area across the interface, a 

cell voltage with respect to a common cathode. 25 critical surface area is reached where the rate of total lithium 

The invention provides new cathode materials containing transported across the interface is no longer able to sustain 

oxide polyanions, including the oxide polyanion (P0 4 ) 3 ~ as the current. At this point, cell performance becomes 

at least one constituent, for use in secondary (rechargeable) diffusion-limited. The higher the current, the greater is the 

batteries. For example, the cathode materials of the pre- total critical interface area and, hence, the smaller the 

sented invention may have the general formula LiM(P0 4 ) 30 concentration x of inserted lithium before the cell perfor- 

with the ordered olivine structure or the more open rhom- mance becomes difrusion-limited. On extraction of lithium, 

bohedral NASICON framework structure. The cathode the parent phase at the core of the particle grows back 

materials of the present invention have the general formula towards the particle surface. Thus, the parent phase is 

LiM(P0 4 ) for the ordered olivine structure, or YJVI 2 (P0 4 )^ retained on repeated cycling and the loss in capacity is 

(X0 4 ) 3 _ y , where 0<y^3, M is a transition-metal atom, Y is 35 reversible on lowering the current density delivered by the 

Li or Na and X=Si, As or S and acts as a counter cation, for cell. Therefore, this loss of capacity does not appear to be 

the rhombohedral NASICON framework structure. due to a breaking of the electrical contact between particles 

The olivine structure of Mg 2 Si0 4 consists of a slightly as a result of volume changes, a process that is normally 

distorted array of oxygen atoms with Mg 2 "*" ions occupying irreversible. 

half the octahedral sites in two different ways. In alternate 40 The invention further provides new cathode materials 

basal planes, they form zigzag chains of comer-shared exhibiting a rhombohedral NASICON framework, 

octahedra running along the c-axis and in the other basal NASICON, as used herein, is an acronym for the framework 

planes they form linear chains of edge-shared octahedra host of a sodium superionic conductor 

running also along the c-axis. Na 1+3 ^ 2 (P 1 _ x Si x 0 4 ) 3 . The compound Fe 2 (S0 4 ) 3 has two 

In the ordered LiMP0 4 olivine structures of the invention, 45 forms, a rhombohedral NASICON structure and a related 

the M atoms occupy the zigzag chains of octahedra and the monoclinic form (Goodenough et aL 1976; Long et al. 

Li atoms occupy the linear chains of the alternate planes of 1979). Each structure contains units of two Fe0 6 octahedra 

octahedral sites. In this embodiment of the present bridged by three corner-sharing S0 4 tetrahedra. These units 

invention, M is preferably Mn, Fe, Co, Ni or combinations form 3D frameworks by the bridging S0 4 tetrahedra of one 

thereof. Removal of all of the lithium atoms leaves the 50 unit sharing comers with FeO e octahedra of neighboring 

layered FeP0 4 -type structure, which has the same Pbnm Fe 2 (S0 4 ) 3 elementary building blocks so that each tetrahe- 

ortho rhombic space group. These phases may be prepared dron shares corners with only octahedra and each octane - 

from either end, e.g., LiFeP0 4 (triphylite) or FeP0 4 dron with only tetrahedra. In the rhombohedral form, the 

(heterosite), by reversible extraction or insertion of lithium. building blocks are aligned parallel; while they are aligned 

FIG. 2A, FIG. 2B and FIG. 2C show discharge/charge 55 nearly perpendicular to one another in the monoclinic phase, 

curves vs. lithium at 0.05 mAxcm" 2 (0.95 mAxg" 1 and 1.13 The collapsed monoclinic form has a smaller free volume 

mAxg" 1 , respectively) for Li 1 _J 7 eP0 4 , Li 1 _ J ^e 0-J Mn 0 5 P0 4 for Li*-ion motion which is why the rhombohedral form is 

andLi^eP0 4 , respectively, where 0£x^ 5. A plateau at 3.4 preferred. In these structures, the FeO e octahedra do not 

V corresponds to the Fe 3+ /Fe 2+ redox couple and a plateau make direct contact, so electron transfer from an Fe 2+ to an 

at 4.1 V corresponds to the Mn 3 */Mn 2 * couple. With LiC10 4 60 Fe 3 * ion is polaronic and therefore activated, 

in PC and DME as the electrolyte, it is only possible to Li^e^SO^ has been reported to be a candidate material 

charge up a cathode to 4.3 V vs. a lithium anode, so it was for the cathode of a LiMon rechargeable battery with a 

not possible to extract lithium from IiMnP0 4 , LiCoP0 4 and V oc =3.6 V vs. a lithium anode (Manthiram and Good- 

LiNiP0 4 with this electrolyte. However, in the presence of enough 1989). While the sulfates would seem to provide the 

iron, the Mn 3+ /Mn 2+ couple becomes accessible. The inac- 65 desired larger free volume for Li, batteries using sulfates in 

cessibility is due to the stability of the Mn 3 "7Mn 2+ , Co 3+ / the cathode material tend to exhibit phase -transition 

Co 2+ and Ni^/Ni 2 "*" couples in the presence of the polyanion problems, lowering the electronic conductivity. The revers- 
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ible lithium insertion into both rhombohedral and mono- Mn ;c P0 4 was performed with 0^x^0.5, and the Mn 3+ /Mn 2 "*' 

clinic Fc 2 (S0 4 ) 3 gives a flat closed-circuit voltage vs. a couple give a voltage plateau at 4.0 V vs. lithium, 
lithium anode of 3.6 V (Manthiram and Goodenough 1989; 

Okada et al. 1994; Nanjundaswamy et al. 1996). Neither Example 2 

parent phase has any significant solid solution with the 5 _ „ . „„. . . , ^ „ 

orthorhombicUthiatedphaseLi 2 Fe 2 (S0 4 ) 3 ,whichisderiv e d Rhombohedral NASICON UM^PO^ Structures 

from the rhombohedral form of Fe 2 (S0 4 ) 3 by a displacive ^ mventors compared redox energies in isostmctural 

transition that leaves the framework intact. Powder X-ray su if a tes with phosphates to obtain the magnitude of the 

diffraction verifies that lithiation occurs via a two-phase change duc to me different inductive effects of sulfur and 

process (Nanjundaswamy et al. 1996). Increasing the current 10 phosphorus. Rhombohedral U^Ti^O^ has been shown 

density does not change significantly the closed-circuit t0 exhibit a flat open-circuit voltage V oc -2. 5 V vs. lithium, 

voltage V, but it does reduce reversibly the capacity. The which is roug hly 0.8 V below the Ti^yTi 3 * level found for 

reduction in capacity for a given current density is greater FeTi(S0 4 ) 3 . The flat voltage V(x) is indicative of a two- 

for the motion of the lithiated interface. The interstitial space phase proccss> A coexistence of rhombohedral and orthor- 

of the framework allows fast Li + -ion motion, but the move- 15 hombic phases was found for x=0.5 (Delmas and Nadiri 

ment of lithium across the orthorhombic/monoclinic inter- 19 gg. Wang and Hwu 199 2). LL^eTICPO^ of the present 

face is slower than that across the orthorhombic/ invention remains single phase on discharge, 

rhombohedral interface, which makes the reversible loss of M ^ h hates l^CPO^, where M-Fe, Fe/V, or 

capacity with increasing current density greater for the faave ^ monodinic Fe 2 (S0 4 ) 3 structure if prepared by 

monochmc than for the rhombohedral parent phase. 20 solid-state ^ have found that these 

The cathode matenab of the ^invention avoid the phase unds exhibit a rhombonedral structure wheD prepared 

transition of known sulfate cathode materials by incorpo- ^ excfa m LiNQ ^ 30Q o c from ^ 

rating one or more phosphate ions as at least one or the , K , ^ s a A :^^u n ^^u^^ ^,„ 7a nf crr- 

?^ . c * L *i. j * • i u u u j 1 ni analog Na3Fe 2 (P0 4 ) 3 . The discharge/charge curve of FIG. 

^fer™ ^ C °? 6 P^T 1 -, rh °* b ° hedral R3c 6A for UtWum insertion into rhombohedral Li^e^O^ 
^^^^^f^^ t b ^^f I ^ m % 0 ^ 25 exhibits an average V oc of 2.8 V. This is surprisingly 
L^iTO^ are similar to those for the sulfates described from ^ f or ^ monoc]inic form (See mQ _ 

above, as unrated in FIG. 5A and FIG. 5B fiB) ^ found ^ ^ ^ mia ms per 

„, A ": embodiment of the invention is a rhombohedral can be ^ r^fe (po,),, , eading to 

NAS CON cathode material having the formula A^V, LijF e 2( po 4 ) 3 . The Li*-ion distribution in the interstitial 

SP 0 ? T h r, JSrh ° f a K1 C ° m ^ mat f° tb r*°/: 30 space of mL^O,),, where 0<x<2, appears to vary 

Rhombohedral A, V 2 (P0 4 ) 3 reversibly mtercaktes I S Li ^^^^ ^ ^ of FIG. 7A 

per formula unit for a discharge capacity of 100 mAh g sb(jws a it £ B 0 * mcreasing me c^ent 

with average dosed^cuit voltage being 3.8 V vs^ a lithium d &om Q Q5 , o Q 5 ^.^-2 A reversible 
anode (see FIG. 8) The voltage and capacity performances > 95 , ^ ^ observed for rhombohedral 

of the rhombohedral A^PO,), compounds of the riven- 35 ^ ^ (p 0 ) at , ^ densit of 20 mA . ^ 

a n T^a 6 ,^rf^ V -^n m deduced compared to what is encountered with the 
LnMn.O, (4 0 V) LiCoO, (4 0 V) and UNiO ? (4.0 V> Tne monoclinic tem FIG 7B) . with , amal densit of 

large ^open three-dimensional framework of VO« oc ahedra ^ , (af 1 me ^ cit of 95 

and P0 4 tetrahedra allows an easy diffusion of the , luhium ^.g-f^^ta^d m / coin cel i up to the 40th ^ 

ions, making it attractive for high-power batteries. A further 40 . . 

advantage of this material is that it includes a cheaper and Another cathode material of the present invention, 
less toxic transition-metal element (V) than the already I^FeTiCPOJa, having the NASICON framework was pre- 
developed systems using Co, Ni, or Mn. P 8 "* bv so^-state reaction. This material has a voltage 

ranging from 3.0 to 2.5 V. 
EXAMPLES 45 Rhombohedral TiNb(P0 4 ) 3 can be prepared by solid-state 

reaction at about 1200° C. Up to three Li atoms per formula 
Example 1 unit can be inserted, which allows access to the Nb^/Nb 3 * 

couple at 1.8 V vs. lithium for x>2 in Li, TiNb(P0 4 ) 3 Two 
Ordered Olivine LiMP0 4 Compounds steps are pcr h ap s discernible in the compositional range 

The ordered-olivine compound LiFeP0 4 was prepared 50 0<x<2; one in the range of 0<x<l corresponds to the 

from intimate mixtures of stoichiometric proportions of Ti^/fi 34 - couple in the voltage range 2.5 V<V<2.7 V and the 

Li 2 C0 3 or LiOH H 2 0, Fe{CH 2 C00H} 2 and other for 1<X<2 to the Nb 5+ /Nb 4+ couple in the range 2.2 

NH^PO^O; the mixtures were calcined at 300-350° C. V<V<2.5 V. It appears that these redox energies overlap, 

to eliminate NH 3 , I^O, and C0 2 and then heated in Ar at This assignment is based on the fact that the Ti 4+ /Ti 3 * couple 

about 800° C. for 24 hours to obtain LiFe P0 4 . Similar 55 in Li lct Ti2(P0 4 ) 3 gives a flat plateau at 2.5 V due to the 

solid-state reactions were used to prepare LiMnP0 4 , LiFe^, presence of two phases, rhombohedral LiT^ (P0 4 ) 3 and 

Mn ;c P0 4 , LiCoP0 4 and LiNiP0 4 . FeP0 4 was obtained from orthorhombic L^TLj (PO^. The presence of Nb in the 

LiFeP0 4 by chemical extraction of Li from LiFeP0 4 . structure suppresses the formation of the second phase in the 

Charge/discharge curves for Li J _ je FeP0 4 and discharge/ range 0<x<2. 

charge cycles for Li x FeP0 4 gave similar results with a 60 Rhombohedral LiFeNb(P0 4 ) 3 and L^FeT^PO^ can be 

voltage of almost 3.5 V vs. lithium for a capacity of 0.6 prepared by ion exchange with molten LiN0 3 at about 300° 

Li/formula unit at a current density of 0.05 mA-cm 2 " (See C. from NaFeNb(P0 4 ) 3 and N^FeTuTO^, respectively. 

FIG. 2A and FIG. 2C). The electrolyte used had a window Two Li atoms per formula unit can be inserted reversibly 

restricting voltages to V<4.3 V. Li extraction was not pos- into L^^eTL^PO^ with a little loss of capacity at 0.5 

sible from LiMnP0 4 , LiCoP0 4 , and LiNiP0 4 with the 65 rnA-cm" 2 . Insertion of the first Li atom in the range 2.7 

electrolyte used because these require a voltage V>4.3 V to V<V<3.0 V corresponds to the Fe 3+ /Fe 2+ redox couple and 

initiate extraction. However, Li extraction from LiFe^, of the second Li atom in the range of 2.5 V<V<2.7 V to an 
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overlapping Ti 4+ yTi 3+ redox couple. The insertion of lithium Masquelier, C, M. Tabuchi, K. Ado, R. Kanno, Y. 

into Li 1+x Fenb (P0 4 ) 3 gives a V vs. x curve that further Kobayashi, Y Maki, 0. Nakamura and J. B. Goodenough, 

verifies the location of the relative positions of the Fe 3+ / J. Solid State Chettu, 123, 255 (1996). 

Fe 2+ , Nb s+ /Nb 44 " redox energies in phosphates with Mizushima, K., P. C. Jones, P. J. Wiseman and J. B. 

NASICON-related structures. It is possible to insert three 5 Goodenough, Mater. Res. Bull., 15, 783 (1980). 

lithium atoms into the structure; and there are three distinct Nanjundaswamy, K. S., et aL, "Synthesis, redox potential 

plateaus corresponding to Fe 3+ /Fe 2+ at 2.8 V, Nb 3+ /Nb 4+ at evaluation and electrochemical characteristics of 

2.2 V, and Nb^/Nb 5 * at 1.7 V vs. lithium in the discharge NASICON-related 3D framework compounds," Solid 

State Ionics, 92 (1996) 1-10. 

' . . , A w /nri v a t *u* in Nishi, Y, H. Azuma and A. Omaru, U.S. Pat. No. 4,959,281, 

The rhombohedral A3_ X V 2 (P0 4 ) 3 compounds of the 1° * ^ 19gQ 

invention can be prepared by ionic exchange from the ' R S / N ^ jundas ^ M anthiram and J. B. 

monoclimc sodium analog Na^PO^ .The *™s G oodenough, Pro i 36th Po ^ er sources Conf, Cherry 

were ako able to prepare the rhombohedral Li,Nay,(P0 4 ) 3 Hm at N w 1994) . 

with the NASICON framework by a direct solid-state reac- ..... v . ' / ^ c . 

don (no. 9). The discharge/charge curves at 0.05 mA-cm" 2 « Sc ^ U ^' ^ d A ^W^"^ c *«"- P" 1 ^ 

( 2 95 ^2? « for rh0m ° bhedral 316 Sinha, S. and D. W. Murphy, State Ionics, 20, 81 

shown in FIG. 8. (1986) 

The rhombohedral LiFe 2 (S0 4 ) 2 (P0 4 ) may be prepared by j^^^ M . M., WI.F. David, J. B. Goodenough and P. 

obtaining an aqueous solution comprising FeCl 3 , (NH 4 ) 2 Groves, Mater. Res. Bull, 20, 1137 (1983). 

S0 4 , and Ur^PO^ stirring the solution and evaporating it to M M y p j j ohn son, L. A. de Hciotto, P. G. 

dryness, and heating the resulting dry material to about 500 Bruce and ; B Goodenough, Mater ReSm Bu!Lg 19) 179 

C. Discharge/charge curves vs. lithium at 0.1 mAcm for (1984) 

rhombohedral Li 1+x Fe 2 (P0 4 )(S0 4 ) 2 , where 0<x<3, are M . M., W. I. F. David, P. G. Bruce and J. B. 

shown in FIG. 10. ^ Goodenough, Mater. Res. Bull 18, 461 (1983). 

All of the compositions and/or methods disclosed and Wang, S. 7 and S. J. Hwu, Chem. of Mater. 4, 589 (1992). 

claimed herein can be made and executed without undue What is claimed is: 

experimentation in light of the present disclosure. While the ia cathode material for a rechargeable electrochemical 

compositions and methods of this invention have been cel^ sa id cell also comprising an anode and an electrolyte, 

described in terms of preferred embodiments, it will be 3Q the cathode comprising a compound having the formula 

apparent to those of skill in the art that variations may be LiMP0 4 , where M is at least one first-row transition-metal 

applied to the compositions and/or methods and in the steps cation. 

or in the sequence of steps of the method described herein 2. The cathode material of claim 1, where M is further 

without departing from the concept, spirit and scope of the defined as being selected from the group consisting of Mn, 

invention. More specifically, it will be apparent that certain 35 Fe, Co, and Ni. 

agents which are both chemically and structurally related 3. The cathode material of claim 1, where M is further 

may be substituted for the agents described herein to achieve defined as being a combination of cations, at least one of 

similar results. All such substitutions and modifications which is selected from the group consisting of Mn, Fe, Co 

apparent to those skilled in the art are deemed to be within a nd Ni. 

the spirit, scope and concept of the invention as defined by 4. The cathode material of claim 3, where M is Fe^jvln* 

the appended claims. or Fe i-* Ti * and 0<x<l. 

5. The cathode material of claim 2, wherein the cathode 
References material has the formula LiFeP0 4 . 

6. A secondary battery comprising an anode, a cathode 
The following references, to the extent that they provide ^ ^ electrolyte, said cathode comprising an ordered 

exemplary procedural or other details supplementary to 45 Q]iy{n& having ^ formula LiMP0 4 , where M is 

those set forth herein, are specifically incorporated herein by at ^ QRf} first . ro w transition-metal cation. 

reference^ „ „ „ 01 ~ , 1Q(lft v 7. The battery of claim 6, where M is further defined as 

Delmas, C, and A Nadin, Mater. Res. Bull. 23, 63 (1988). , . , / 4U ... rx * - „, 

t, j ' V T n tt w t\ tt j i a V r i being selected from the group consisting of Mn, Fe, Co, and 

Goodenough, J. B., H. Y. P. Hong and J. A. Kafalas, Mater. . & * * & 

Res. Bulill, 203 (1976). 50 j Tfae fea of daim fi whefe M fe furthef defined ag 

9V(S£> Tarascon ^- ^rochem. Soc, 139, ^ a ^J^ n of cationSj at Uast one of said cations 

Long, G. J., G. Longworth, P. Battle, A. K. Cheetham, R. V. bein S SeleCted hom ^ &™* ° f Mn ' Fe ' C °' 



Ni. 



^undathil and D. Beveridge, Inorg. Chem., 18, 624 ? ^ of c]aim ^ wherein M fa ^ ^ Qr 

' a ■ j u j . r D c 5S Fe a Ji,, where 0^x11. 
Manthiram, A., and J. B. Goodenough, J. Power Sources, 1_JC ^' 

26,403 (1989). ***** 
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